From the age of 3 months, infants learn relations between objects and co-occurring words [1] . These very first representations of object-word pairings in infant memory are considered as non-symbolic protowords comprising specific visual-auditory associations that can already be formed in the first months of life [2] [3] [4] [5] . Genuine words that refer to semantic long-term memory have not been evidenced prior to 9 months of age [6] [7] [8] [9] . Sleep is known to facilitate the reorganization of memories [9] [10] [11] [12] [13] [14] , but its impact on the perceptual-to-semantic trend in early development is unknown. Here we explored the formation of word meanings in 6-to 8-month-old infants and its reorganization during the course of sleep. Infants were exposed to new words as labels for new object categories. In the memory test about an hour later, generalization to novel category exemplars was tested. In infants who took a short nap during the retention period, a brain response of 3-month-olds [1] was observed, indicating generalizations based on early developing perceptual-associative memory. In those infants who napped longer, a semantic priming effect [15, 16] usually found later in development [17] [18] [19] revealed the formation of genuine words. The perceptual-to-semantic shift in memory was related to the duration of sleep stage 2 and to locally increased sleep spindle activity. The finding that, after the massed presentation of several labeled category exemplars, sleep enabled even 6-month-olds to create semantic long-term memory clearly challenges the notion that immature brain structures are responsible for the typically slower lexical development.
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In Brief
Friedrich et al. explored the impact of infant sleep on the emergence of first word meanings. They find that during sleep, infant memories pass through different stages, thereby preceding typical lexical development. In particular, they show that from 6 months on, the infant brain is sufficiently mature to build lexical-semantic long-term memory.
SUMMARY
From the age of 3 months, infants learn relations between objects and co-occurring words [1] . These very first representations of object-word pairings in infant memory are considered as non-symbolic protowords comprising specific visual-auditory associations that can already be formed in the first months of life [2] [3] [4] [5] . Genuine words that refer to semantic long-term memory have not been evidenced prior to 9 months of age [6] [7] [8] [9] . Sleep is known to facilitate the reorganization of memories [9] [10] [11] [12] [13] [14] , but its impact on the perceptual-to-semantic trend in early development is unknown. Here we explored the formation of word meanings in 6-to 8-month-old infants and its reorganization during the course of sleep. Infants were exposed to new words as labels for new object categories. In the memory test about an hour later, generalization to novel category exemplars was tested. In infants who took a short nap during the retention period, a brain response of 3-month-olds [1] was observed, indicating generalizations based on early developing perceptual-associative memory. In those infants who napped longer, a semantic priming effect [15, 16] usually found later in development [17] [18] [19] revealed the formation of genuine words. The perceptual-to-semantic shift in memory was related to the duration of sleep stage 2 and to locally increased sleep spindle activity. The finding that, after the massed presentation of several labeled category exemplars, sleep enabled even 6-month-olds to create semantic long-term memory clearly challenges the notion that immature brain structures are responsible for the typically slower lexical development.
RESULTS
We recorded electroencephalograms (EEGs) during learning and memory testing of category-word pairings ( Figure 1 ) and determined infant event-related potentials (ERPs) to gain evidence of the formation of new lexical memories. Based on the assumption that semantic knowledge originates from perceptual knowledge, we hypothesized that proto-words as a preliminary stage would be consolidated first, during an early period of sleep, and that genuine words as a mature stage could arise from these proto-words during the further course of sleep. To uncover such possibly different memories, we grouped infants according to their sleep duration (see STAR Methods and Tables S1 and  S2 ). On average, infants in the short-nap group slept about half an hour, whereas infants in the long-nap group slept about 50 min.
Sleep Duration Affects the Developmental Stage of New Infant Memories
None of the ERP components indicating object-word learning in infancy [1, 6, 9, [18] [19] [20] [21] emerged at the end of the learning phase (Figure 2A ), revealing that infants had not encoded knowledge about the category-word pairings. The factor group had no effect on initial learning. In the memory test, the wake control group also did not display any sign of memory of the category-word pairings ( Figure 2B ). In this group, retention time had no effect on memory.
In the short-nap group, words that were correctly paired with novel category exemplars elicited a late, more negative-going ERP response than the same words paired incorrectly (cluster involving central to parietal, left fronto-central, and left temporo-parietal brain regions from 592 ms to 1,054 ms, cluster statistics: p = 0.041; pairing uncorrected: t 28 = 2.534, p = 0.017; Figure 2C ). This late negative memory effect was not correlated with age (r = À0.252, p > 0.1). It closely resembles the late negativity observed in 3-month-olds, when these very young infants learn pairings of objects and words [1] . The strong similarity to the brain response of 3-month-olds, who are only able to acquire object-word pairings as perceptually based associations, suggests that infants of the short-nap group had built visual-auditory associations between the perceptual representations of objects and words. Notably, the 6-to 8-month-olds of the present study generalized the associations to novel exemplars of the categories, which they had not seen during the learning phase, indicating that during their short nap, infants had built visual categories and had linked these generalized visual representations with the corresponding word sounds.
In the long-nap group, correctly paired words elicited a more positive ERP response than incorrectly paired words (cluster involving PZ, CZ, P4, and C4 from 376 ms to 710 ms, cluster statistics: p = 0.066; pairing uncorrected: t 39 = 2.985, p = 0.005; Figure 2D) . Also, the effect was not correlated with age (r = À0.062, p > 0.1). The spatio-temporal distribution of this inverse effect of the long-nap group strongly resembles that of the N400 component-an extremely stable and well-established index of semantic processing in adults [15, 16] . The decrease of the negativity in response to correctly paired words observed here corresponds to the N400 priming effect, which is the reduction of the N400 amplitude in response to semantically related information. Similar priming effects have been observed in older infants, who are already able to acquire the meanings of words [17] [18] [19] [20] [21] [22] [23] . The occurrence of these effects in word-word pairings [24, 25] and during sentence processing [26] and their relation to infants' individual lexical development [19] [20] [21] [22] [23] 27] led to the common notion that they indeed represent adult-like N400 priming effects. Moreover, the brain response from the long-nap group in the present study was nearly identical to the N400 memory effect for the same category-word pairing conditions in 9-to 16-montholds [9] , which strongly suggests that the 6-to 8-month-olds, who napped for an extended duration, had created genuine lexical-semantic long-term memory and were able to generalize this knowledge to novel exemplars of the categories.
Our findings show that after a longer nap, infants reached a higher developed stage than after a short nap. In the memory test, we observed clearly distinct brain responses between short-and long-nap groups-exactly the same as during early lexical development-suggesting that, in the course of sleep, infants' representations of word meanings undergo the same changes as during development in ontogeny. Thus, the consolidation of object-word pairings during sleep parallels developmental stages of lexical memory formation.
The Perceptual-to-Semantic Shift Requires a Prolonged Period of Sleep Stage 2 Polysomnographic analyses revealed that nap groups significantly differed in the durations of non-rapid eye movement (NREM) sleep stages 2 and 3, as well as in REM sleep time (Table S1 ). However, the observed effect of sleep time on the quality of memory was linked only to the duration of NREM stage 2 (N2). The more time an infant spent in N2, the lower the late left negativity (r = À0.312, p = 0.009), indicating perceptual associative memory, and the greater the inverse N400 priming effect (r = À0.321, p = 0.007), indicating genuine lexical-semantic memory. The time spent in N2 was not correlated with age (r = À0.001, p > 0.1).
To determine the time course of memory formation during sleep stage 2, we performed a median split of the whole nap group based on the infants' individual duration of N2 sleep. N2 median groups no longer differed in the time spent in N3 or in REM sleep (Table S3 ). In the infants who were in stage 2 sleep for less than 10 min (short-N2 group), we observed the late negativity of the short-nap group (t 34 = 2.557, p = 0.015; Figure 3A) , and in infants who spent at least 10 min in stage 2 (long-N2 group), we found the N400 effect of the long-nap group (t 33 = -2.622, p = 0.013; Figure 3B ). Thus, the re-grouping attributed the effects of the short-and long-nap groups to the different amount of N2 sleep in these groups.
A more fine-grained analysis of quartiles due to N2 duration (Table S4 ) moreover revealed that the memory effects observed in the median groups arose within even smaller time ranges. Infants who napped on average for about half an hour and spent 0.5 to 4 min in N2 did not show a memory effect ( Figure 3C ), indicating that they had not established any memory of the categoryword pairings during their nap. In infants who also napped for about half an hour but stayed in N2 for 4.5 to 9.5 min, the late negativity revealed the formation of perceptually based long-term memory of the category-word pairings ( Figure 3D ). In infants who napped for three-quarters of an hour and spent 10 to 17.5 min in N2, this memory effect disappeared, but an N400 effect was also not present ( Figure 3E ), suggesting that reorganization was in progress during this period of N2 sleep. In infants who also napped for about three-quarters of an hour but remained in N2 for 18 to 35 min, an N400 effect was observed ( Figure 3F ), indicating the formation of new lexical-semantic long-term memory. The results of this analysis lead to the notion that the perceptual-to-semantic shift in infant memory is accomplished within some minutes of sleep stage 2.
Local Sleep Spindles Are Involved in the Formation of Genuine Words
Sleep spindles, the most prominent feature of sleep stage 2, are known to be involved in sleep-dependent memory consolidation The infant ERPs in response to words paired with novel category exemplars. Following standard analyses of the N400 priming effect, we calculated all memory effects as the difference between unprimed and primed conditions (i.e., inconsistent À consistent and incorrect À correct); negativity is plotted upward. (C) Late negativity (cluster involving CP5, T7, P7, P3, PZ, P4, C3, CZ, C4, and FC3) in the memory test of the short-nap group, indicating the presence of lowerdeveloped perceptual-associative memory for the category-word pairings. (D) N400 cluster (involving PZ, CZ, P4, and C4) in the memory test of the long-nap group, indicating the presence of higher-developed lexical-semantic memory. [28] [29] [30] [31] [32] [33] . In the long-N2 group, the N400 semantic memory effect was correlated with power in the spindle band over nearly the same brain regions, where the memory effect was observed (C4: r = À0.581, p = 0.001; P4: r = À0.563, p = 0.001; PZ: r = À0.441, p = 0.015; adjusted a = 0.0125; Figures S1A and S1B). In the short-N2 group, neither the late negative memory effect found in this group nor the ERP difference in the N400 range were related to spindle power (late negativity: r = À0.043 to 0.123, p > 0.1; N400 difference: r = À0.059 to 0.158, p > 0.1).
Mean power in the spindle band was not affected by the infants' age (r = À0.118, p > 0.1). Nevertheless, individual differences in spindle power may be caused by individual differences in brain maturation and intelligence [33, 34] . In order to remove such trait effects, we calculated the individually normalized local difference in spindle power between the right central and parietal cortex and the remaining brain regions. This normalized local deviation in spindle power did not differ between the N2 median groups (t 59 = À0.619, p > 0.1) but was still related to the N400 effect of the long-N2 group (r = À0.553, p = 0.002; Figure S1C ).
Detection of individual sleep spindles at C4 ( Figure 4B ) confirmed and further specified these results. As expected for the investigated age group [35] , sleep spindles appeared in the upper spindle band of 12-15 Hz (peak frequency 13.52 ± 0.05 Hz) and were more pronounced over frontal and central than over parietal brain regions ( Figure 4A ). Across all spindles detected in NREM sleep, short-N2 and long-N2 groups did not differ in any of the spindle parameters (t 59 = -1.255 to 1.561, p > 0.1), suggesting that infants in these groups did not differ in their cognitive and learning abilities [33, 34] . Across both N2 groups, the number of sleep spindles in N2 was correlated with the N400 cluster (r = À0.339, p = 0.007). Moreover, mean peakto-peak amplitude of sleep spindles during N2 and mean spindle root-mean-square (RMS) in N2 were correlated with the N400 memory effect in the long-N2 group ( Figures 4C and 4D) .
The results clearly show that, like in older infants [9] , local sleep spindles in 6-to 8-month-olds are involved in the generalization process that underlies the formation of categories. In this context, one might consider the impact of sleep stage 2 on memory consolidation purely as to provide a sufficient amount of sleep spindles for generalization. However, N3 sleep produced even more sleep spindles than N2 sleep (t 60 = -6.032, p < 0.0001), but neither the N3 duration (r = À0.079, Table S3 and S4. p > 0.1) nor the number of N3 spindles (r = À0.081, p > 0.1) was related to the memory effects. Moreover, the presence of a qualitatively different memory effect in the short-N2 group, which was not related to sleep spindle activity, suggests that sleep spindles first become effective for semantic generalizations during later periods of stage 2 sleep, at a time when perceptual generalizations have already been built. Thus, sleep spindles appear to be particularly involved in the transfer of perceptual-associative into lexical-semantic memory-that is, in the shift from proto-words to genuine words. In the 6-to 8-month-old infants of the present study, this perceptual-to-semantic shift occurred during an extended period of sleep stage 2.
DISCUSSION
By studying infant brain responses in a combined analysis of ERPs, indicating learning and memory, and polysomnographic data, revealing the quality and quantity of sleep, we provide novel evidence that from 6 months of age, infants are able to build semantic categories in long-term memory and to neurally bind them with the representations of related word forms. The formation of genuine words observed here during a prolonged period of sleep precedes the known developmental course of lexical memory formation [6-9, 17, 18] . In particular, it evidences that already at 6 months of age, the human infant brain is sufficiently mature to enable the generalization and storage of lexical-semantic long-term memory.
Indeed, infants nap every day and sleep every night. Why then is lexical-semantic long-term memory usually observed later in development? Under natural learning conditions, different category exemplars are commonly experienced at different times. Thus, in most cases, sleep may induce a rather slow and gradual process of generalization by successively integrating new experiences into existing memory structures. In contrast, exposure to several different category exemplars within a narrow time frame provides the opportunity to process category information during only a single post-learning nap. This kind of massed presentation of relevant information immediately followed by a period of sleep enabled the 6-to 8-month-old infants of the present study to rapidly generalize across individual exemplars. Our data moreover suggest that in this age group, perceptually based categories were built in the early course of sleep, supporting the view that the age-appropriate format of lexical knowledge has been reached before the higher-developed format of genuine words arises.
One reason why especially sleep facilitates the reorganization of memories is that sleep largely prevents interference from the current surrounding environment, thereby providing optimal conditions for the active re-processing of transient memories. Unlike infants, adults also generalize during wakefulness because, among other reasons, fully developed attentional mechanisms can effectively inhibit the processing of distracting external stimuli, as well as the activation of currently irrelevant memories. Consistent with the few studies on sleep-dependent generalization in infants available thus far [9, [36] [37] [38] , in our study, any kind of generalization exclusively occurred in the nap groups, suggesting that sleep is essential for memory reorganization in early infancy. By complementing the alert state of experiencing the environment with an offline state, in which the multitude of individual experiences are organized and stored, infant sleep not only boosts further development-it actually enables it.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
162 infants from 6 to 8 months of age were recruited for the study. Of these, 107 infants (47 female, mean age 7 months, 2 days, SD 25 days) contributed to the final analyses. Fifty-five infants were excluded from the analyses because of too few artifact-free trials in one of the experimental conditions (n = 30), due to very noisy ERP data (n = 9), because of excessive crying (n = 4), due to lack of interest in the visual stimuli (n = 2), because infants of the sleep groups did not fall into sleep after learning (n = 4), due to a very short nap (< 10 min) or long wake periods within the nap (n = 3), due to too much artifacts in the sleep EEG (n = 1), due to atypical EEG activity during sleep (n = 1), and due to experimental failure (n = 1). All parents gave informed consent before participation. The study was approved by the ethics committee of the Humboldt University of Berlin.
Prior to the lab visit, infants were assigned to either the nap group or the wake group. Infants of the nap group were scheduled at a time when they were expected to take a nap within 30 min after the learning session. Infants of the wake group were scheduled at a time when they were expected not to take a nap within the next three hours. Infants, who napped in the retention period, were polysomnographically monitored and were post hoc grouped according to their spontaneous sleep duration. We did not experimentally manipulate sleep duration by waking infants up, because this would disturb sleep architecture and thereby selectively affect specific sleep stages and components involved in consolidation. Since in adults, declarative memory is consolidated during NREM sleep [12, 13] , as an external criterion for defining short-and long-nap groups we used the mean duration of a single NREM episode in infants of the investigated age group, which takes about 35 min [39] . According to this group criterion, nap groups strongly differed in both, NREM sleep time and total sleep time (TST , Table S1 ). Neither NREM duration nor TST were correlated with age (NREM: r = 0.162, TST: r = 0.157, p > 0.1). In the nap groups, the memory test was always applied about 10 to 15 min after an infant woke up, thus, nap groups differed in their sleep time, but not in their wake time during the retention period (t 67 = À0.808, p > 0.1). Compared to the nap groups, we shortened the retention time for the wake group (mean 42.5 min, SD 13.9 min), because infants at that age are not able to stay alert over a long time period. We assessed the effect of this factor by including retention time as a covariate into the analyses of the memory test in the wake group. Groups did not differ in age, gestational age at birth, head circumference at birth, birth weight, and Apgar scores (Table S2) .
METHOD DETAILS Stimuli
Visual stimuli were 104 colored illustrations, 8 were pictures of individual pseudo-objects and 96 were pictures of pseudo-objects belonging to 8 different similarity-based categories. For each category, 12 different exemplars were designed, 8 for the learning phase and 4 for the memory test. Category exemplars differed in the features of their global shape (e.g., in the width-to-height ratio), in the presence/absence and shape of specific details, and in the color of either the global shape or specific details.
Auditory stimuli were 24 disyllabic pseudo-words. All pseudo-words were phonotactically legal in German, were stressed on the first syllable as common in German, had a consonant-vowel onset, and had typical masculine or neuter endings. They were spoken slowly by a female speaker with a mean duration of 809 ms per word, digitized at a rate of 44.1 kHz, and presented through loudspeaker with an intensity of approximately 65 dB sound pressure level. Three lists with 8 pseudo-words were created, and each two lists were assigned to the experimental conditions of the learning and memory test phase. The assignment of the lists to the conditions was balanced between subjects such that, across infants, words were the same in the pairing conditions.
Procedure
In the learning phase, infants were exposed once to each of 128 individual object-word pairs. The learning phase had two experimental conditions. In the consistent pairing condition, eight category-word pairings were shown eight times, each category with eight individual exemplars presented once. To dissociate the learning of the category-word pairings from pure word form learning, in the inconsistent pairing condition, eight objects and eight words were presented each eight times too. In this control condition, each object was paired with each word once such that word forms but not object-word pairings could be learned. Trials of the conditions were presented intermixed. In order to ease encoding, the learning session was divided into two blocks, with half of the words presented in the first block and the other half in the second block. The learning session lasted for 7 min. In most infants, the learning session was applied before midday. On average, the learning session ended at 11:11 (SD 1:38). Encoding time did not differ between groups (F 1,104 = 0.483, p > 0.1).
Between learning and memory testing, infants of the nap groups slept in a baby carrier or in their pram. Their parents either stayed in the lab or went with their baby for a short walk. Most wake infants stayed in the lab and some were fed during the retention phase. Since we aimed to avoid sensory overload, parents played with their baby very sparsely. Most of the time, infants looked a little around and held a soft toy, or a teething ring.
The memory test had two counterbalanced conditions. In the correct pairing condition, the same category-word pairings as in the consistent pairing condition of the learning phase were presented four times, but four novel exemplars were presented for each category. In the incorrect pairing condition, the same exemplars and the same words were presented, but each time in a novel pairing that violated the category pairing of the learning phase. To equal the ratio of individual objects and category members in learning phase and memory test, the pairs of the inconsistent condition of the learning phase were also presented in the memory test, but not analyzed. As in the learning phase, trials of the conditions were presented intermixed. The memory test session lasted for 7 min.
During the experimental learning and memory test sessions, infants sat on the mother's or father's lap in a sound-attenuated room. In each trial a colored picture of a single object appeared on the screen for 3,200 ms. After an interval of 800 ms post picture onset, the German indefinite article ein (masculine/ neuter) was presented to direct the children's attention to the acoustically presented pseudo-word that followed the article presentation at 1,600 ms post picture onset.
QUANTIFICATION AND STATISTICAL ANALYSIS ERP Data Acquisition and Processing
For ERP analyses, the EEG was recorded with a stationary amplifier (REFA,TMS International, Oldenzaal, Netherlands) at 21 electrode sites and digitized online at a rate of 500 Hz. Offline, the EEG was re-referenced to the average of recordings from left and right mastoids and filtered between 0.5 and 20 Hz (-3dB cut-off frequencies of 0.62 and 19.88). Trials exceeding a standard deviation of 60 mV within a gliding window of 500 ms at any electrode site were rejected.
ERPs were analyzed time-locked to word presentations. To observe initial learning, we analyzed trials from the second half of the learning phase (the second four presentations of a word stimulus). To observe memory effects, all correct and incorrect trials of the memory test session (each four presentations of a word stimulus for correct and incorrect conditions) were analyzed. For each condition, epochs of 1200 ms from word onset were averaged, according to a 100-ms pre-stimulus baseline. A minimum of 4 artifact-free trials for each condition of the learning phase and a minimum of 5 artifact-free trials for each condition of the memory test were required for an individual average to be included in further analyses. On average, 14 trials contributed to an ERP condition of the learning phase, and 16 trials to that of the memory test. Trial numbers did not differ between conditions or groups (p > 0.1).
To examine learning, a repeated-measures ANOVA with Pairing (consistent versus inconsistent), Time Window (200-400, 400-600, 600-800, 800-1000, 1000-1200), Hemisphere (left versus right), and Region (F7/8, F3/4, FC3/4, T7/8, C3/4, CP5/6, P3/4, P7/8, O1/O2) as within-subject-factors and Group (wake, short nap, long nap) as between-subject factor was performed for the mean amplitudes of the ERPs of the learning phase. For midline sites, an analog ANOVA with Pairing, Time Window, Region (FZ, CZ, PZ), and Group was performed. To evaluate long-term memory and the impact of retention time in the wake group, a repeatedmeasures ANCOVA with Pairing (correct versus incorrect), Time Window, Hemisphere, and Region as within-subject factors, and Retention time as a covariate as well as a respective midline ANCOVA were computed for the memory test ERPs. In all ANCOVAs and ANOVAs Greenhouse-Geisser-adjusted P values are reported whenever degrees of freedom are > 1.
To assess the long-term memory of the nap groups and to control for multiple comparisons when determining the spatio-temporal distributions of the ERP memory effects, we performed cluster-based permutation analyses [40] by using the Fieldtrip toolbox for e2 Current Biology 27, 2374-2380.e1-e3, August 7, 2017 EEG/MEG analyses (developed at the Donders Institute for Brain, Cognition and Behavior; http://www.ru.nl/neuroimaging/fieldtrip). This analysis was performed on all electrode sites of the single-subject ERPs in the time range from 200 to 1200 ms (i.e., 21 channels with each 500 time points). A minimum of three connected channels with an individual p value < 0.1 were required to be included in the cluster, and each 10000 permutations were processed.
To analyze the relation between sleep parameters and memory performance, we calculated the memory effects as ERP differences between incorrect and correct conditions averaged over the relevant channels in the relevant time windows of the observed clusters: for the late negativity, the mean of CP5, T7, P7, P3, PZ, P4, C3, CZ, C4, and FC3 from 592 to 1054 ms was used, and for the N400 effect the mean of PZ, CZ, P4, and C4 from 376 to 710 ms. Note that all ERP memory effects were calculated in the same way, resulting in different polarity and inversed correlations of the effects of the two groups. Correlation analyses were conducted using Pearson's correlation coefficient. For the correlations of an ERP effect with the duration of the sleep stages N2, N3, and REM sleep, the Bonferroni-adjusted significance level was 0.0167.
Sleep Recordings and Sleep Spindle Analyses
Infants' sleep was recorded using a portable amplifier (SOMNOscreen EEG 10-20, Somnomedics, Kist, Germany). EEG recordings were obtained with electrodes attached at F3, FZ, F4, C3, C4, P3, PZ, and P4, referenced to Cz, filtered between 0.03 and 35 Hz, and sampled at a frequency of 256 Hz. Electrooculographic and electromyographic recordings were bipolar. Offline, EEG signals were re-referenced to the average of left and right mastoids. EEG recordings were visually scored according to standard criteria [41, 42] . For each nap, total sleep time and the time spent in the different sleep stages were determined. Sleep stages were NREM sleep 1, 2, and 3 (N1-N3) and REM sleep.
To evaluate sleep spindle activity, periods of arousal were excluded from NREM sleep and power spectral analysis of the EEG signal was performed using Fast Fourier Transformation for the remaining periods of NREM sleep. The spectra were calculated for successive 8 s (2,048 data points) artifact-free intervals using a Hanning window to taper the data. Since, in some months older infants, sleep spindles that were correlated with the N400 effect had a mean peak frequency of nearly 14 Hz [9] , EEG power was computed in the 12-15 Hz frequency band. Average power was calculated first over all bins in the frequency range of interest; then averages were calculated for the succeeding 8 s intervals. Correlations with the N400 memory effect in the long-N2 group were performed for spindle power at the four channels involved in the N400 cluster (PZ, CZ, P4, and C4), and the significance level was Bonferroni-adjusted to 0.0125. To assess the local increase or decrease in spindle activity over the right centro-parietal cortex compared to other brain regions, we calculated the amount of spindle activity that differed between the mean of C4 and P4 and the mean of the remaining recording positions. In order to remove individual differences in spindle power caused by brain maturation, cognitive and learning abilities [33, 34] we normalized this difference with respect to the individual amount of spindle activity averaged over all channels.
Discrete sleep spindles were detected in the low-pass filtered (32 Hz) and down-sampled (128 Hz) EEG data at C4 of all artifact free NREM epochs (65.97 ± 2.77, across all subjects). The spindle detection algorithm and criteria were adopted from Mö lle et al. [43, 44] . First, for each subject, the individual spindle peak frequency was identified in the NREM sleep power spectra of all channels (13.52 ± 0.05 Hz, across all included subjects). No individual spindle peak could be detected in eight infants, therefore these subjects were excluded from the further spindle analysis. The EEG signal at C4 was then filtered with a band-pass width of 3 Hz centered on the detected individual peak frequency. A root mean-square (RMS) representation of the filtered signal was calculated using a sliding window of 0.2 s with a step size of one sample. Additional smoothing was performed with a sliding-window average of the same 0.2 s size. Time frames were considered as spindle intervals if the RMS signal exceeded a threshold of 1.5 standard deviations of the filtered signal (5.57 ± 0.22 mV, across all subjects) for 0.5-5 s and if the largest value within the frame was greater than 2.5 standard deviations of the filtered signal (9.29 ± 0.36 mV). Two succeeding spindles were counted as one spindle when the interval between the end of the first spindle and the beginning of the second spindle was shorter than 0.5 s and the resulting (merged) spindle was not longer than 5 s. On average 9.44 ± 0.74% of all spindles were merged spindles.
For every detected spindle, the most negative value of the band-pass filtered (spindle peak frequency ± 1.5 Hz) signal was designated as the ''spindle peak'' that represented the respective spindle in time. This time point was taken as reference for the spindle averages ( Figure 4B ) that were calculated using the low-pass (32 Hz) filtered signal. Analyses of the detected spindles included spindle count, spindle density, mean peak-to-peak amplitude, mean length, and mean spindle RMS. The spindle peak-to-peak amplitude represents the difference between the largest and the smallest value in the band-pass filtered signal of a spindle. The spindle RMS value was calculated by summing the squares of all values of the band-pass filtered signal from the beginning to the end of the spindle, dividing the sum by the number of values and taking the square root. In the correlation analyses between these five spindle parameters and the N400 memory effect we applied an adjusted significance level of 0.01.
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